The hormone-secreting cell types of the anterior pituitary differentiate in a specific spatial and temporal manner. The ␣-subunit of the glycoprotein hormones appears at embryonic d 11.5 in the mouse, followed by steroidogenic factor-1, which distinguishes the gonadotrope progenitor cells, around embryonic d 14. Gonadotrope maturation is marked by the onset of LH␤-gene expression 2 d later. T HE MOLECULAR BASIS of development lies in the specific and differential expression of genes that characterize individual cell types. An important step in understanding cell fate determination is the identification of factors involved in cell-type specific expression of genes. In the neuroendocrine system, the anterior pituitary is an ideal model for studying cell fate decisions involved in specifying individual phenotypes. The mature anterior pituitary consists of five distinct cell populations that develop from a common primordium. These different cell types result from the sequential activation and inactivation of lineage-specific genes during development and are characterized by their ability to produce specific hormones.
The hormone-secreting cell types of the anterior pituitary differentiate in a specific spatial and temporal manner. The ␣-subunit of the glycoprotein hormones appears at embryonic d 11.5 in the mouse, followed by steroidogenic factor-1, which distinguishes the gonadotrope progenitor cells, around embryonic d 14. T HE MOLECULAR BASIS of development lies in the specific and differential expression of genes that characterize individual cell types. An important step in understanding cell fate determination is the identification of factors involved in cell-type specific expression of genes. In the neuroendocrine system, the anterior pituitary is an ideal model for studying cell fate decisions involved in specifying individual phenotypes. The mature anterior pituitary consists of five distinct cell populations that develop from a common primordium. These different cell types result from the sequential activation and inactivation of lineage-specific genes during development and are characterized by their ability to produce specific hormones.
The gonadotropins, LH and FSH, are essential reproductive hormones that are specifically produced in the gonadotrope population of the anterior pituitary. LH and FSH are both members of the glycoprotein hormone family that also includes TSH, made in pituitary thyrotropes, and CG, made in human and primate placenta (1) . Each of these hormones shares a common ␣-subunit and contains a unique ␤-subunit that confers the physiological specificity of the hormone. The ␤-subunit genes of LH and FSH are expressed exclusively in the pituitary gonadotrope, thus limiting the synthesis and secretion of LH and FSH to these cells.
The molecular mechanism controlling the gonadotrope-specific expression of the LH and FSH ␤-subunit genes has been difficult to study due to the heterogeneous nature of the anterior pituitary in vivo and the lack of a differentiated gonadotrope cell line that produces endogenous LH␤ and FSH␤ in which to study their expression. Our laboratory has used targeted oncogenesis in transgenic mice to develop several pituitary-derived cell lines of the gonadotrope and thyrotrope lineages (2) . The ␣T1-1 cell line expresses the common ␣-glycoprotein hormone subunit (␣-GSU) of the glycoprotein hormones, but is not committed to either the gonadotrope or thyrotrope lineage. The ␣T3-1 cell line corresponds to a determined, but immature gonadotrope, expressing not only ␣-GSU, but also specific markers of the gonadotrope lineage, such as steroidogenic factor-1 (SF-1) and GnRH receptor (GnRH-R). In addition to these early markers of gonadotrope differentiation, the L␤T2 cell line expresses the ␤-subunits of LH and FSH (3, 4) and therefore corresponds to a more mature gonadotrope.
LH ␤-subunit gene expression has been studied extensively using transgenic mice, heterologous cell lines (GH 3 , CV1) (5, 6) , and more recently the ␣T3-1 and L␤T2 cell lines (7) (8) (9) . Several cis-regulatory elements important for both basal and GnRH regulated transcription of the LH␤ gene have been identified. Binding sites for the orphan nuclear receptor SF-1 are located at Ϫ127 bp and Ϫ59 bp relative to the transcriptional start site of the rat LH␤ promoter (10) . Within the pituitary, SF-1 expression is gonadotrope specific, making it a key identifier of the gonadotrope cell population (11) . In transfected cells, SF-1 has been shown to activate transcription of numerous gonadotrope markers, including GnRH-R (12), the glycoprotein ␣-subunit (13) , and LH␤. Supporting the importance of SF-1 to gonadotrope function in vivo, SF-1 null mice are infertile and have markedly reduced levels of ␣-GSU, LH␤, FSH␤, and GnRH-R (11) . Pituitaryspecific SF-1 knockout mice indicate that the impaired gonadotropin expression is a primary defect due to the lack of SF-1 in the pituitary and not a secondary defect due to SF-1 deficiency in other tissues (14) . Although SF-1 is an important basal regulator of LH␤ gene expression, it is not sufficient to confer gonadotrope specificity of the gonadotropin ␤-subunit genes because it is expressed earlier in development and in steroidogenic tissues outside of the pituitary (15) as well as in ␣T3-1 cells, which do not produce the LH or FSH ␤-subunits.
Binding sites for early growth response protein 1 (Egr-1) are adjacent to the SF-1 binding sites, located at Ϫ112 bp andϪ50 bp relative to the transcriptional start site (5). Egr-1 (NGFI-A, Krox-24, zif/268) is an early-response gene that is important for GnRH regulation of the LH␤ gene. Egr-1 null animals are infertile and fail to produce LH␤, basally or in response to GnRH (16, 17) . In L␤T2 and ␣T3-1 cells, basal expression of Egr-1 is low; however, expression is dramatically increased upon treatment with GnRH (6, 7, 18) . Egr-1 can activate transcription of the LH␤ gene by direct physical interactions and synergies with SF-1 and the pituitary homeobox 1 transcription factor (Ptx1, also termed Pitx1 or P-OTX) (5, 6) .
Ptx1 is a member of the Ptx family of Paired-like homeobox transcription factors that also includes Ptx2 and Ptx3. Whereas both Ptx1 and Ptx2 are expressed in gonadotrope cells and are important for pituitary development (19) (20) (21) , Ptx3 is absent from the pituitary (22) . Ptx1 expression is first detected in the presumptive pituitary around embryonic d 9.5, after invagination of Rathke's Pouch (23) , and continues throughout development of the anterior pituitary. In the adult pituitary, Ptx1 expression is maintained in all pituitary cells, albeit at varying levels (24, 25) . Mice null for Ptx1 die at birth and exhibit developmental defects in the anterior pituitary gland, including decreases in the number of gonadotropes and thyrotropes and corresponding decreases in TSH␤, LH␤, and FSH␤ gene transcripts (19) . Indeed, using transient transfections of heterologous cells (CV1), it has been demonstrated that Ptx1 is capable of transactivating numerous pituitary-specific promoters, including ␣-GSU, LH␤, FSH␤, GnRH-R, TSH␤, POMC, PRL, and GH (22, 26) . In CV1 cells, Ptx1 can activate LH␤ gene expression through the homeodomain (HD) binding element located at Ϫ100 bp of the rat LH␤ promoter (27) . Although this HD element is essential for overall LH␤ promoter activity in transgenic mice (9) , it is not required for Ptx1 regulation in CV1 cells. Even in the presence of a mutated HD-binding site, Ptx1 can activate transcription of the LH␤ gene through synergy with SF1 and Egr-1 (6) .
Despite the importance of SF-1, Egr-1, and Ptx1 for expression of the LH␤ gene, they are not sufficient to confer LH␤ gene expression because all of these factors are present in ␣T3-1 cells (which do not express endogenous LH␤), as well as being present early in gonadotrope development in vivo before the onset of LH␤ gene expression (11, 17, 19) . The specific expression of endogenous LH␤ in L␤T2 cells indicates that there are additional factors, not present in the early gonadotrope precursor ␣T3-1 cells, which are involved in the maturation of the gonadotrope and the onset of gonadotropin ␤-subunit gene expression and the subsequent production and secretion of LH. These cell lines present an opportunity to identify lineage specific and developmentally regulated transcription factors involved in gonadotrope differentiation and the cell-specific transcriptional regulation of LH␤ gene expression in the more differentiated L␤T2 cells when compared with the precursor ␣T3-1 cells.
Using a transient transfection paradigm to directly compare reporter gene expression in a variety of pituitary-and nonpituitary-derived cell lines, we show that an LH␤-luciferase (Luc) reporter plasmid is specifically expressed in the mature L␤T2 gonadotrope cell line. Truncation and mutagenesis analyses indicate that the HD element is necessary for the specific expression in L␤T2 cells when compared with precursor ␣T3-1 cells. Using EMSA, we show that this HD element interacts with a protein in L␤T2 cell nuclear extract that does not appear in ␣T3-1 or ␣T1-1 cell nuclear extracts. Further analyses indicate that this L␤T2 nuclear protein complex does not contain Ptx1 or Ptx2 HD transcription factors but does contain a protein related to Otx HD family members.
RESULTS

A Transfected 1.8-kb Rat LH ␤-Subunit Promoter Targets Reporter Gene Expression Specifically to L␤T2 Cells
Because the endogenous mouse LH␤ gene is expressed in L␤T2 gonadotrope cells but not in the immature ␣T3-1 cells, we postulate that L␤T2 cells can be used as a model to identify factors involved in the induction of LH␤ gene expression during gonadotrope maturation. To study the activity of the LH␤ promoter, we first measured the level of reporter gene expression from the LH␤ promoter in L␤T2 cells as compared with a variety of other pituitary and nonpituitaryderived cell lines. To accomplish this, a fragment encompassing 1.8 kb of the rat LH␤ promoter was linked to a Luc reporter gene (LH␤Luc) and used in transient transfection studies. A Rous Sarcoma Virus (RSV) enhancer and promoter driving ␤-galactosidase (RSV-␤-gal) was cotransfected as an internal control. Additionally, an RSV-Luc plasmid was transfected in parallel with LH␤Luc into each cell type to control for differences in transfection efficiency, transcription rates, reporter mRNA half-life, Luc and ␤-gal protein stability, and metabolic rates between distinct cell types. The ratio of RSV-Luc to RSV-␤-gal was set to one hundred for each cell line, and the LH␤Luc values in each cell line were normalized to the RSV-Luc/RSV-␤-gal value. To validate this approach, we tested the activities of the promoterless pUC18-Luc and a TK-Luc plasmid and found each to be expressed at equivalent levels in ␣T3-1 and L␤T2 cells relative to the RSV controls (data not shown).
Results from these experiments show that the transfected LH␤ reporter gene is specifically expressed in the more differentiated L␤T2 pituitary gonadotrope cell line (Fig. 1) . LH␤ promoter activity is approximately 4.5-to 5-fold higher in L␤T2 cells than in the gonadotrope precursor ␣T3-1 cells and up to 20-fold higher than in nongonadotrope-derived cell lines such as AtT20 (corticotrope-derived), GT1-7 (hypothalamic neuroendocrine), JEG-3 (placental), HeLa (cervical fibroblast), CV1 (kidney-derived), and NIH3T3 (fibroblast-derived). These data show that the 1.8-kb rat LH␤ promoter is sufficient to direct L␤T2 cell-specific expression.
The 1.8-kb rat LH␤ promoter contains several previously identified regulatory elements that are involved in both basal and GnRH-regulated expression of the gene. To identify which region(s) of the LH␤ promoter are involved in L␤T2 cell specificity, 5Ј deletions of LH␤Luc were transiently transfected into L␤T2, ␣T3-1, and NIH3T3 cells (Fig. 2) . Truncation of the LH␤ promoter to as little as 179 bp has no effect on specificity between L␤T2 and ␣T3-1 cells. Further deletion to 146 bp reduces the specificity, due to an apparent increase in LH␤ promoter activity in ␣T3-1 cells, but retains an approximate 2-fold difference. The remaining selectivity between L␤T2 and ␣T3-1 cells is eliminated when the promoter is shortened from 122 bp to 87 bp. This results in a decrease of activity in L␤T2 cells, indicating that this region is important for L␤T2 cell specificity.
A Nuclear Protein Complex Present in L␤T2 Cells, But Not Other Gonadotrope-Derived Cell Lines, Binds the LH␤ Promoter HD Element
The region of the LH␤ promoter between Ϫ122 bp and Ϫ87 bp has been previously shown to include the 5Ј Egr-1 binding site that is involved in GnRH regulation of the LH␤ gene as well as the HD protein binding sequence that is important for Ptx1 regulation in CV1 cells. To determine whether any L␤T2 cell-specific proteins are binding to this region of the LH␤ promoter, an EMSA was performed using a 35-bp oligonucleotide probe corresponding to this region of the LH␤ promoter (LH 121/87) with nuclear extracts from L␤T2, ␣T3-1, ␣T1-1, and a variety of other pituitaryand nonpituitary-derived cell lines (Fig. 3) . Within the gonadotrope-derived cell lines, strong binding of a protein complex is observed using nuclear extract from the differentiated L␤T2 cells, but not the precursor ␣T3-1 or ␣T1-1 cells (complex 2). A complex with the same migration, but varying levels of intensity, is also observed in AtT20 and to a lesser degree in T␣T1 and GT1-7 cells, all of which are endocrine-derived cell lines. Several other complexes were also observed using nuclear extracts from L␤T2 cells. Complex 1 is a slowly migrating complex that is present in all cell lines at varying levels. Complex 3, which migrates slightly faster than complex 2, appears equally intense in L␤T2, ␣T3-1, and AtT20 nuclear extracts but less intense in ␣T1-1, T␣T1, and GT1-7 cell nuclear extracts. Two other complexes appear in several cell types but were found to be variable and relatively nonspecific; they are indicated by lines but are not numbered.
To further define the sequences within this region of the LH␤ promoter that bind to each of the complexes, EMSA analysis was performed using the LH 121/87 The 1.8-kb rat LH␤ promoter was linked to the Luc reporter gene (LH␤Luc) and transiently transfected into pituitaryderived L␤T2 (differentiated gonadotrope), ␣T3-1 (precursor gonadotrope), and AtT20 (corticotrope) cells and nonpituitary-derived GT1-7 (hypothalamic), JEG-3 (placental), HeLa (cervical fibroblast), CV1 (kidney), and NIH3T3 (fibroblast) cells. RSV-␤-gal was cotransfected as an internal control. To control for differences in transfection efficiencies and transcription rates between distinct cell lines, a parallel control, RSV-Luc was transfected into each cell line with the RSV-␤-gal internal control. The ratio of RSV-Luc divided by RSV-␤-gal was set at 100 for each cell line (not shown). Results represent the mean Ϯ SEM of at least three independent experiments (n Ն 3). The bar marked with an asterisk (*) (L␤T2 cells) is statistically significant from all other bars (P Ͻ 0.05). Significant differences between other cell lines are not shown.
probe, L␤T2 cell nuclear extract, and shortened oligonucleotide competitors consisting of sequences from the LH 121/87 region (Fig. 4A) . The sequences of oligonucleotides used in competitions are shown in Table 1 . Complex 1 is competed only by the region from Ϫ121 bp to Ϫ100 bp, which encompasses the previously identified 5Ј Egr-1 element (5). Under basal conditions, Egr-1 binding to its 3Ј element in the LH␤ promoter is not detected in GH 3 or ␣T3-1 cells; rather, antibody supershift experiments indicate that the ubiquitous transcription factor SP1 binds to this GCrich Egr-1 site (28) . Similarly, we detected SP-1 binding to the 5Ј Egr-1 element from the LH␤ promoter using antibody supershift experiments with L␤T2, ␣T3-1, and NIH3T3 cell extracts (data not shown). Mutation of this Egr-1/SP1 element eliminates competition of complex 1 but has no effect on binding of faster migrating complexes (Fig. 4B , mutant 1, lane 3).
Complexes 2 and 3 are successfully competed by addition of excess unlabeled wild-type LH 121/87 (self competition), as well as the smaller oligonucleotides containing sequences from Ϫ108 to Ϫ94, indicating that this region is sufficient to bind the proteins comprising these complexes (Fig. 4A , lanes 4-6). Experiments using oligonucleotide competitors containing 3 bp block mutations scanning the sequences from Ϫ109 bp to Ϫ89 bp (sequences are shown in Table 1) further narrow down the region important for binding of complex 2 to the 6 bases between Ϫ103 bp and Ϫ98 bp and binding of complex 3 to the 9 bases between Ϫ103 and Ϫ95 (Fig. 4B , mutants 3-5, lanes 5-7). This difference in binding requirements between complexes 2 and 3 is based on the ability of mutant 5 to compete with complex 2 to a greater extent than it competes with complex 3 (Fig. 4B , mutant 5, lane 7). The region these complexes bind encompasses the HD-binding element of the LH␤ promoter. These results were confirmed using the mutant oligonucleotides as probes and examining complex binding directly (data not shown).
To establish that complexes 2 and 3 are actually binding to the HD element, oligonucleotides with single base-pair point mutations spanning the HD binding site and surrounding sequences were used as competitors and probes in EMSA (Fig. 4 , C and D, respectively, sequences shown in Table 1 ). Point mutations within the HD-binding element (mutants D, E, F, G, and H) almost completely block binding and competition of both complexes 2 and 3 to the LH 121/87 probe. In contrast, oligonucleotides containing point mutations outside the core HD-binding element (mutants A, B, and I) bind equally as well as wild-type. Slight differences in binding ability between complexes 2 and 3 were observed using these mutants as probes (5Ј end Truncations of the LH␤ promoter linked to Luc were transiently transfected into L␤T2, ␣T3-1, and NIH3T3 cells (identified by black, gray, and white bars, respectively). Diagrams at left depict the 5Ј deletions used as well as the numerous regulatory elements identified in the rat LH␤ promoter, including HD and binding sites for SP1, SF-1, and Egr. Results represent the mean Ϯ SEM of at least three independent experiments (n Ն 3). Asterisks (*) designate a significant difference from ␣T3-1 and NIH3T3 cells (P Ͻ 0.05); # indicates a significant difference from NIH3T3 cells (P Ͻ 0.05).
of HD site, mutants C and D, Fig. 4D ). These gelshift data indicate that the core bases of the HD-binding element, but not additional bases outside this core, are necessary for binding of complexes 2 and 3 to the LH␤ promoter.
The LH␤ Promoter HD Element Is Necessary for L␤T2 Cell-Specific Expression
Having examined the proteins binding to the HD and Egr/SP1 elements of the LH␤ promoter, mutations were introduced into Ϫ1800LH␤Luc and Ϫ122LH␤Luc and transiently transfected into L␤T2, ␣T3-1, and NIH3T3 cells to ascertain whether either of these elements is involved in L␤T2 cell-specific expression (Fig. 5 ). Sitedirected mutagenesis was performed to mutate the 5Ј Egr-1 binding site, the HD element, and the 3Ј SF-1 binding site. The 3Ј SF-1 site was mutated because of the importance of SF-1 for LH␤ gene expression and the ability of SF-1 to physically interact and synergize with both Ptx1 and Egr-1. Mutation of the element that binds Egr-1 has little or no effect on L␤T2 cell-specific expression of the LH␤ gene under our basal (non-GnRH stimulated) conditions. Similarly, mutation of the 3Ј SF-1 binding site has no effect on L␤T2 cell specificity (4-fold for Ϫ1800LH␤Luc and 2-fold for Ϫ122LH␤Luc), although it does reduce basal levels in both L␤T2 and ␣T3-1 cells within Ϫ122LH␤Luc.
Two different HD mutations were examined in Ϫ1800LH␤Luc based on protein binding data from Fig. 4 . HD mutant 5 (m5), which shows reduced binding of complex 2, reduces basal activity of both L␤T2 and ␣T3-1 cells. The difference between L␤T2 and ␣T3-1 cells for Ϫ1800LH␤Luc HDm5 is 2.6-fold (decreased from 4-fold). In contrast, HD mutant 4 (m4), which completely blocks binding of complex 2, reduces basal activity only in L␤T2 cells. Specificity between L␤T2 and ␣T3-1 cells for HDm4 is reduced to 1.5-fold. Whereas HDm4 only partially reduces the L␤T2 cell-specificity of Ϫ1800LH␤Luc, the same mutation completely abolishes the specificity of Ϫ122LH␤Luc as compared with ␣T3-1 cells. Further mutations used HDm4 because it has a greater effect on both binding of complex 2 and specificity between the gonadotrope-derived cell lines. Expression of the HD (m4) and 3Ј SF-1 double mutant is similar to that of the HD mutant (m4) alone in both LH␤Luc plasmids. The residual difference of the 3Ј SF-1 and HD (m4) double mutant within Ϫ1800LH␤Luc between the gonadotrope-derived cell lines is due to the presence of the 5Ј SF-1 site, through which SF-1 and Ptx1 have been shown to synergize when overexpressed in CV1 cells (6) . Mutation of this 5Ј SF-1 site in combination with the 3Ј SF-1 and HD (m4) mutations (i.e. a triple mutant) eliminates all differences between the cell lines. These transfection data indicate that the HD element, which binds complexes 2 and 3, is the key element necessary for expression of LH␤ in L␤T2 cells. Although both complexes 2 and 3 are present in nongonadotrope-derived cell lines, they may be involved in gonadotrope-specific expression of LH␤ by interaction with the gonadotrope-restricted transcription factor, SF-1. We focused further on the identity of complex 2 due to its robust expression in the more mature gonadotrope L␤T2 cell line as compared with gonadotrope precursor cell lines, which indicates a likely role in L␤T2 cell-specific expression of the LH␤ gene. EMSA was conducted using the LH 121/87 probe and nuclear extracts from pituitary and nonpituitary-derived cell lines, indicated above each lane: L␤T2 (gonadotrope), ␣T3-1 (precursor gonadotrope), ␣T1-1 (uncommitted gonadotrope/ thyrotrope), T␣T1 (thyrotrope), AtT20 (corticotrope), GH4 (somatotrope), GT1-7 (hypothalamic neuroendocrine), and NIH3T3 (fibroblast). Complexes in L␤T2 cells are indicated at left. Complex 2 exhibits strong binding in the mature gonadotrope L␤T2 nuclear extracts, but not the ␣T3-1 or ␣T1-1 precursor nuclear extracts.
Fig. 4. Complex 2 Binds the HD Element of the LH␤ Promoter
A-C, EMSA was conducted using the LH 121/87 probe and nuclear extract from L␤T2 cells. Competitions were performed using 100-fold excess unlabeled oligonucleotide as indicated above each lane: None (no competitor), self (wild-type LH 121/87 competitor). A, Competitions using truncated LH 121/87 oligonucleotide competitors indicate that complex 2 binds in the region from Ϫ108 to Ϫ94. B and C, Competitions using mutated LH 121/87 oligonucleotides indicate that complex 2 binds the HD element. D, EMSA was conducted using oligonucleotides containing single base-pair mutations as probes and nuclear extract from L␤T2 cells. The closed arrow at left indicates complex 2; complexes 1 and 3 are also indicated. The results are summarized and sequences of all oligonucleotide competitors and probes are depicted in Table 1 .
Complex 2 Contains an Otx-Related Factor that Is Not a Known Member of the Ptx or Otx HD Families
Because of their ability to regulate the LH␤ promoter in CV1 cells (26) and their role in pituitary development (19, 21) , it was of interest to ascertain whether complex 2 contains Ptx1 or Ptx2 HD transcription factors. Additionally, Otx HD transcription factors were examined because they are related to the Ptx family and Otx1 can also activate transcription of the LH␤ promoter in cotransfections (27, 29) . Expression of Ptx and Otx family members in gonadotrope-derived cell lines was determined to identify whether any of these factors is restricted to L␤T2 cells. Ptx1 RNA expression has previously been shown to be widespread throughout the anterior pituitary (24, 25) . Western analysis reveals that Ptx1 protein is present in L␤T2, ␣T3-1, and ␣T1-1 cells, consistent with its expression throughout pituitary development (Fig. 6A) . In contrast, all three isoforms of Ptx2 are expressed in committed gonadotropes (L␤T2, ␣T3-1), but not uncommitted pituitary progenitor cells (␣T1-1). Both Ptx1 and Ptx2 levels are somewhat higher in L␤T2 cells than ␣T3-1 cells. Northern analysis of Otx1 and Otx2 expression reveals the presence of Otx1 mRNA in all cell lines tested except NIH3T3 (Fig. 6B) . As with the Ptx family members, Otx1 is expressed at higher levels in L␤T2 cells than ␣T3-1 cells. Otx2 is not expressed in any of the gonadotrope-derived cell lines. These expression studies demonstrate the presence of Ptx1, Ptx2, and Otx1 in L␤T2 cells but also show that none of these factors are restricted to these mature gonadotrope cells; in particular, they are all expressed in the ␣T3-1 cells.
We next determined whether any of these Ptx or Otx proteins bind the LH␤ promoter and if their migration corresponds to that of complex 2. Nuclear extracts from NIH3T3 cells transiently transfected with expression vectors coding for Ptx1, Ptx2a, Otx1, and Otx2 were used in EMSA with the LH 121/87 probe (Fig. 7) . Although all four of the Ptx and Otx family members tested are capable of binding the LH␤ promoter HD element, none of them comigrates with complex 2, nor with complex 3. These data indicate that complex 2 (or Table 1 3) is not simply a known member of the Ptx or Otx families.
To compare with complex 2, the sequence requirements for Ptx1 and Otx1 binding to the LH␤ HD element were examined by EMSA using mutated oligonucleotide competitors and probes as shown in Table  1 . As with complexes 2 and 3, the oligonucleotides containing 3-bp mutations indicate the HD element is essential for both Otx1 and Ptx1 interaction with the LH␤ probe (Fig. 8, A and C, mutants 3-5) . Similar results were obtained using probes with these mutations (data not shown). Although the HD element is required for binding both proteins, experiments using competitors and probes containing single base-pair point mutations reveal subtle differences in binding site requirements between Ptx1 and Otx1. Whereas Otx1 binding, similar to complex 2, relies mainly on the core HD recognition sequence (GATTA) (Fig. 8A , mutants D, F, G, and H), Ptx1 binding requires several additional bases outside this core (Fig. 8C, mutants B  and I ). Although the binding specificities of complex 2 and Otx1 are not identical (summarized in Table 1 ), these data imply a closer relation of the protein comprising complex 2 to Otx1 than to Ptx1.
Migration analysis does not rule out the possibility that a Ptx or Otx transcription factor is contained in complex 2 along with an additional protein(s). To further address the possibility that Otx or Ptx is present in complex 2, we performed antibody shift experiments using L␤T2 nuclear extracts compared with nuclear Results represent the mean Ϯ SEM of at least three independent experiments, each performed in triplicate (n Ն 9). Asterisks (*) designate a significant difference from ␣T3-1 and NIH3T3 cells (P Ͻ 0.05); # indicates a significant difference from NIH3T3 cells (P Ͻ 0.05).
extracts prepared from NIH3T3 cells transfected with expression vectors for Otx1, Otx2, Ptx1, or Ptx2a and used antibodies directed against Otx1, Ptx1, and Ptx2 (Fig. 9) . The Otx1 antibody disrupts protein-DNA interactions of Otx1 and Otx2 and, to a lesser degree, Ptx1 (Fig. 9A) . At the concentration used, the antibody does not cross-react with Ptx2; however, when higher concentrations of antibody are used, the Otx1 antibody can disrupt binding of both Ptx1 and Ptx2 equally as well as it disrupts binding of Otx proteins (data not shown). The Otx1 antibody disrupts binding of several bands in L␤T2 cell nuclear extract, including complexes 2 and 3 and a band representing the concurrent binding of proteins to both the SP1 and HD sites (Fig. 9A, uppermost bands, SP1ϩHD) . Although this antibody is not Otx1 specific, its ability to disrupt protein-DNA interactions appears to be limited to Ptx and Otx HD family members as it fails to interact with other HD proteins such as Oct-1, Pbx1/2/3, PREP-1, Msx1, and Dlx2 ( Fig. 9B; and Givens, M. L., and P. L. Mellon, personal communication, January 2002). This indicates that a protein present in complex 2 is structurally related to the Ptx and Otx families.
Ptx1 and Ptx2 antibodies were examined next. Inclusion of a Ptx1 antibody with L␤T2 cell nuclear extract results in a faint supershift. As Ptx1 from transfected NIH3T3 cells comigrates with the faster migrating of the two somewhat nonspecific complexes, it is likely that this faint complex represents the binding of endogenous Ptx1 protein from L␤T2 cell nuclear extract (Fig. 9C, indicated by open arrow) .
However, complexes 2 and 3 are not affected. The supershifted band at the top the gel represents a supershift of the band generated when Ptx1 and SP1 bind simultaneously (data not shown). Although this supershift confirms the binding of some endogenous Ptx1 to the LH␤ promoter, Ptx1 is not contained within the L␤T2 nuclear protein complex of interest. Similarly, whereas the Ptx2 antibody is capable of binding control Ptx2a protein (NIH3T3 ϩ Ptx2a) and disrupting its interaction with DNA (Fig. 9D) , this antibody has no effect on any of the complexes observed using L␤T2 cell nuclear extract, including complex 2. As shown in the Western blot in Fig. 6 , this antibody detects all three splice variants of the Ptx2 protein. This indicates that endogenous Ptx2 protein in L␤T2 cell nuclear extract is not binding the LH␤ HD element under these conditions and is not contained within complex 2 or 3. The upper band that disappears in the NIH3T3 ϩ Ptx2a lane with Ptx2 antibody represents the concurrent binding of Ptx2a with SP1 (data not shown). Both Ptx1 and Ptx2 antibodies were tested for cross-reactivity against each other as well as Otx1 and Otx2 and were found to be specific for the intended protein (data not shown).
Complex 2 Contains a K50 HD Transcription Factor
The Ptx and Otx HD proteins are Paired-like HD transcription factors that contain a lysine in the 50 th position of the HD and are therefore referred to as K50 HD (21), as indicated. B, Otx1, but not Otx2, is expressed in gonadotrope-derived cell lines. A Northern blot with approximately 2 g poly(A) mRNA from L␤T2, ␣T3-1, ␣T1-1, T␣T1, AtT20, GT1-7, and NIH3T3 cells was probed with radiolabeled mouse cDNA fragments coding for Otx1 or Otx2. The GAPDH cDNA was used to allow visualization of the quantity of RNA loaded in each lane. Otx1 is detected in all cell types except NIH3T3, although at low levels in ␣T3-1 cells. Otx2 is detected in T␣T1 and GT1-7 cells but not any of the gonadotrope-derived cell lines.
proteins (30) . The 50th amino acid of the HD interacts with the nucleotide bases 5Ј to the ATTA HD recognition core and is important in determining DNA-binding specificity of HD transcription factors (31) . Whereas K50 HDs exhibit a preference for binding GATTA target sequences, as is found in the LH␤ promoter, Q50 HDs (containing a glutamine at the 50th position) show a preferred binding sequence of either AATTA or CATTA (31, 32) . To examine the importance of a K50 amino acid for HD protein interactions with the LH␤ promoter HD element, we used site-directed mutagenesis to mutate the Ptx1 and Otx1 HDs from K50 to Q50 (AAG 3 CAG). EMSA was performed using nuclear extracts from NIH3T3 cells transiently transfected with expression vectors coding for either wildtype (NIH3T3 ϩ Otx1 or NIH3T3 ϩ Ptx1) or mutant (NIH3T3 ϩ Otx1 K50Q or NIH3T3 ϩ Ptx1 K50Q) proteins (Fig. 10A) . Expression of both wild-type and mutant proteins in the cells was confirmed by Western blotting (data not shown). This single amino acid change from a K50 to Q50 blocks the ability of both Otx1 and Ptx1 to bind to the LH␤ promoter, indicating that a lysine at the 50 th position of the HD is important for interaction with this HD element.
To further verify that complex 2 contains a K50 HD protein, oligonucleotide competitors unrelated to the LH␤ HD element but containing a consensus HD recognition sequence, NATTA, where N is either G, A, T, or C (33), were used in EMSA. Complexes 2 and 3 are specifically competed by the oligonucleotide containing a K50 HD binding sequence, GATTA, and not the others. Similarly, both Otx1 and Otx2 are also specifically competed by the GATTA containing oligonucleotide (Fig. 10B, and data not shown) . Interestingly, when Ptx1 and Ptx2 proteins were tested under the same conditions, none of the oligonucleotides competed, including the one containing GATTA, indicating a requirement for specific flanking sequences that are not required by complex 2, Otx1 or Otx2 (Fig. 10B , and data not shown). The same results were obtained when the consensus oligonucleotides were used as probes and binding of Otx1 and Ptx1 proteins was examined directly (data not shown). These differences in binding specificity between Ptx1 and Otx1 and complex 2 are consistent with the different binding requirements for interaction with the LH␤ promoter observed earlier ( Table 1 ). The similarity in binding specificity of complex 2 with Otx1 and Otx2 homeoproteins, but not with the Ptx1 and Ptx2 homeoproteins, suggests that complex 2 contains a protein more closely related to Otx HD transcription factors than Ptx HD transcription factors.
DISCUSSION
During development of the anterior pituitary, distinct endocrine cell types differentiate in defined spatial and temporal patterns (34) . In the mouse, a committed gonadotrope population can first be detected by embryonic d 14 with the expression of SF-1 (11). Subsequent maturation of the gonadotrope is marked by the onset of LH␤ gene expression around embryonic d 16.5 and FSH␤ gene expression around embryonic d 17.5 (35) . The factors specifically involved in this induction of gonadotropin ␤-subunit gene expression during the later stages of gonadotrope differentiation are not well characterized. Whereas ␣T3-1 cells only express early markers of the gonadotrope lineage, L␤T2 cells express markers of a mature gonadotrope as evidenced by the presence of endogenous LH␤ and FSH␤. The L␤T2 and ␣T3-1 cell lines thus correspond to these close sequential stages of gonadotrope differentiation in development and are excellent models in which to study the molecular mechanisms governing the maturation of the pituitary gonadotrope.
In the present study, the specificity of expression of LH␤ to the more mature gonadotrope was analyzed using transient transfection assays in gonadotrope and nongonadotrope-derived cell lines. Activity of the 1800 bp rat LH␤ promoter is 4.5-to 5-fold higher in L␤T2 cells as compared with ␣T3-1 cells. The activity in ␣T3-1 cells when compared with nongonadotrope- derived cell lines is not significantly different, demonstrating that even these committed gonadotrope precursors lack conditions necessary for gonadotrope-specific LH␤ gene expression. This is especially notable because ␣T3-1 cells do express several factors thought to be important for LH␤ gene expression, including SF-1, Egr-1, Ptx1, and Ptx2. Most of the studies concerning LH␤ gene regulation have been performed using heterologous cell lines, such as CV1, GH 3 , and JEG-3 (5-7) ; however, the use of these cells does not accurately reflect cell-specific responses since distinct sets of transcription factors, kinases, G proteins, receptors, and other classes of molecules are expressed in different cell types. Furthermore, cotransfections with expression vectors for transcription factors not normally expressed in a cell can show activation regardless of the actual role of that factor in regulating LH␤ in the gonadotrope. In the current work, the selectivity of LH␤ promoter activity to L␤T2 cells underscores the importance of studying LH␤ gene regulation in a homologous cell system.
As development relies on both the activation and inactivation of lineage specific genes, several models could account for the differential expression of the LH␤ gene between L␤T2 and ␣T3-1 cells. One possibility is the presence of inhibitory factors in early go- A and C, EMSA was conducted using the LH 121/87 probe, nuclear extracts from NIH3T3 cells transiently transfected with an expression vector coding for either Otx1 (NIH3T3 ϩ Otx1) (A) or Ptx1 (NIH3T3 ϩ Ptx1) (C), and oligonucleotide competitors containing either 3 bp or single base-pair point mutations spanning the HD element (Table 1 ). Competitions were performed using 100-fold excess unlabeled oligonucleotide as indicated above each lane: None (no competitor), self (wild-type LH 121/87 competitor). B and D, EMSA was conducted using oligonucleotides containing single base-pair mutations as probes with NIH3T3 ϩ Otx1 (B) or NIH3T3 ϩ Ptx1 (D) nuclear extracts. The results are summarized and the sequences of all oligonucleotide competitors are depicted in Table 1 nadotrope cells (␣T3-1) preventing LH␤ gene expression. Alternatively, there may be activating factors present in mature gonadotrope cells (L␤T2) conferring LH␤ gene expression. The promoter truncation analysis described herein suggests that both mechanisms of gene regulation are at work within the LH␤ promoter. The approximately 4.5-fold difference in LH␤ promoter activity between L␤T2 and ␣T3-1 cells is reduced by truncation of two regions of the LH␤ promoter. Deletion from Ϫ179 bp to Ϫ146 bp reduces the difference to 2-fold. This is due to a relative increase in expression of LH␤Luc in ␣T3-1 cells (though notably not in NIH3T3 cells), consistent with the possibility of an ␣T3-1 specific inhibitor acting on this region of the promoter. Interestingly, down-regulation of the LH␤ promoter after 24 h of tonic GnRH treatment also maps to this region (Vasilyev, V. V., M. A. Lawson, and P. L. Mellon, manuscript submitted). Further characterization of this region to identify potential repressors might provide useful insights into both hormonal and basal input into gonadotrope development.
The remaining selectivity in LH␤Luc expression between the gonadotrope-derived cell lines is lost upon deletion of the region between Ϫ122 bp and Ϫ87 bp. This is due to the loss of activity specifically in L␤T2 cells, indicating the removal of a promoter element specifically active in the more mature gonadotrope cell line. This region of the promoter contains the previously characterized 5Ј Egr-1 binding site and the HD element. Consistent with the negligible levels of Egr-1 in uninduced L␤T2 and ␣T3-1 cells (6, 7, 18) , Egr-1 is not detected binding to its promoter elements using nuclear extracts from non GnRH-treated cells; rather, the ubiquitous SP1 transcription factor binds to the GC-rich Egr-1 elements [(28), and data not shown]. Mutation of the 5Ј Egr-1 element has little or no effect on either basal (18) or cell-specific activity of the LH␤ promoter. This contrasts with the importance of Egr-1 in GnRH regulation of the LH␤ gene; responsiveness of the LH␤ promoter to GnRH in both ␣T3-1 (6, 18) and L␤T2 (7, 8) cells is attenuated by mutation of the Egr-1 binding sites.
Whereas Egr-1 elements are not involved in basal activity of the LH␤ promoter, the HD element is essential for both basal activity as well as cell-specific differences in promoter activity in L␤T2 vs. ␣T3-1 cells. We used two 3-bp HD mutations that exhibited different protein interactions in EMSA to examine the role of the HD element in LH␤ gene regulation. The partial decrease in L␤T2 cell-specificity observed with HDm5, which reduces basal activity in both L␤T2 and ␣T3-1 cells, may indicate a contribution of complex 3, Otx1, A, Lysine at position 50 of the HD is essential for Otx1 and Ptx1 interaction with the LH␤ promoter HD element. Site-directed mutagenesis was performed to mutate the coding sequence of both Ptx1 and Otx1 such that the lysine at the 50th position of the HD (K50) was replaced by a glutamine (Q50). EMSA was performed using the LH 121/87 probe and nuclear extracts from NIH3T3 cells transiently transfected with an expression vector coding for wild-type Otx1 (NIH3T3 ϩ Otx1), mutant Otx1 (NIH3T3 ϩ Otx1 K50Q), wild-type Ptx1 (NIH3T3 ϩ Ptx1), or mutant Ptx1 (NIH3T3 ϩ Ptx1 K50Q), as indicated above each lane. Open arrows at right indicate the migrations of Otx1 and Ptx1. B, Complex 2 shares binding specificity with the Otx family of HD transcription factors but not the Ptx family of HD transcription factors. EMSA was performed using L␤T2 (left), NIH3T3 ϩ Otx1 (middle), and NIH3T3 ϩ Ptx1 (right) nuclear extracts. Results using NIH3T3 ϩ Otx2 and NIH3T3 ϩ Ptx2a nuclear extracts are not shown, but Otx2 is competed similarly to Otx1 and Ptx2a is competed similarly to Ptx1. Oligonucleotide competitors containing a core HD sequence (5Ј-TGTACAGTCCTCANATTATTCTCAGG-3Ј where N is either G (GATTA) or Ptx1 to LH␤ promoter activity; alternatively, the decrease in activity may be due to the reduced binding of complex 2. Unlike HDm5, HDm4 completely blocks binding of complex 2, in addition to the other proteins, and only reduces basal activity in L␤T2 cells. The greater effect of the HDm4 mutation (vs. HDm5) on L␤T2 cell specificity of Ϫ1800LH␤Luc correlates with the loss of complex 2 binding, indicating a role for this protein in L␤T2 cell-specific expression of LH␤. Whereas HDm4 in the context of the 1800-bp promoter only decreases L␤T2 cell-specificity to 1.5-fold, the same mutation in the context of the 122-bp promoter abolishes the difference. One element present in the longer promoter but absent from the shorter version is the 5Ј SF-1 binding site. When this element is mutated along with the 3Ј SF-1 binding site and the HD element (m4) (a triple mutant), the 1800-bp promoter loses its specific activity in L␤T2 cells. The necessity for mutating both SF-1 sites as well as the HD element to eliminate the differences between L␤T2 and ␣T3-1 cells in Ϫ1800LH␤Luc despite the presence of SF-1 in both cell lines is probably due to interactions of SF-1 with the protein(s) acting through the HD element. SF-1 is capable of interacting with Ptx1, physically and synergistically (26, 27) , and may be capable of interacting with additional HD proteins as well. Data from transgenic mice confirms the importance of this HD site for LH␤ promoter activity in vivo. A Ϫ776/ϩ12 bovine LH␤ promoter confers gonadotrope-specific expression and regulation by both GnRH and gonadal steroids to a CAT reporter gene in transgenic mice (36) . Recently, it was shown that mutation of the HD element completely abrogates basal activity as well as GnRH responsiveness of this bovine LH␤ promoter in transgenic mice (9) .
Despite the clear importance of the HD element for LH␤ promoter activity, the proteins acting through this element are not well characterized, and no comparative studies have been performed. When we compared the proteins binding to the LH␤ promoter HD element in L␤T2 and various other cell types, the major difference observed between cell lines of the gonadotrope lineage is the presence of complex 2 in L␤T2 but not ␣T3-1 or ␣T1-1 cells. This nuclear protein complex has the binding characteristics of a K50 HD protein and is recognized by an Otx1 antibody. Of interest, complex 3, which appears at equal levels in L␤T2 and ␣T3-1 nuclear extracts but to a lesser extent in ␣T1-1 nuclear extract, has binding specificity almost identical to complex 2 and is also recognized by the Otx1 antibody. This suggests that the proteins comprising complexes 2 and 3 are closely related. These complexes may represent alternatively spliced variants of the same protein or individual members of the same protein family. Although complexes with migration similar to complex 2 appear in some nongonadotrope endocrine-derived cell types, this complex may account for the difference in activity of the LH␤ promoter between the mature gonadotrope L␤T2 and precursor gonadotrope ␣T3-1 cells. Tissue-specific gene expression is often conferred by complex control regions in which several cell-restricted, but not necessarily cell-specific, factors interact (37, 38) . The spatial and temporal pattern in which regulatory factors are expressed is determining when cell-fate decisions are being made. With regards to the LH␤ gene, a factor expressed in mature gonadotropes that is also present elsewhere in the pituitary could still contribute to gonadotrope-specific expression and activation during development by interaction with SF-1, which, within the anterior pituitary, is uniquely expressed in the gonadotrope population.
Because (22, 27) established the presence of Ptx1 DNA-binding activity in ␣T3-1 cells using the POMC gene's Ptx1 promoter element, yet Ptx1 was not shown binding to the LH␤ promoter element. In their work demonstrating the necessity of the HD element for LH␤ promoter activity in vivo, Quirk et al. (9) observe several proteins binding to the HD element using L␤T2 cell nuclear proteins. They presume one of these bands to be Ptx1 but were unable to detect it using a Ptx1 antibody. Here we demonstrate for the first time that Ptx1 does indeed bind the LH␤ promoter HD element, albeit at quite low levels in L␤T2 cells. These same experiments show that Ptx1 protein is not contained within complex 2. As with Ptx1, we demonstrate the ability of Ptx2 from transfected NIH3T3 cells to bind the LH␤ HD element. Because Ptx2 protein is present in L␤T2 cells, our inability to detect Ptx2 binding the LH␤ promoter using L␤T2 nuclear extracts may indicate that Ptx2 is not interacting with the HD element in these gonadotrope cells. Ptx1 and Ptx2 are capable of transactivating the LH␤ promoter in heterologous cell systems (CV1, HeLa) (23, 26) and have been suggested to be involved in cell-specific transcriptional regulation but neither has been proven to be functional in gonadotrope-derived cell lines (L␤T2, ␣T3-1). Ptx1 and Ptx2 HD proteins are necessary for pituitary development and therefore indirectly necessary for gonadotrope function; whether or not they directly regulate LH␤ gene expression through the HD element in mature gonadotropes needs further clarification.
Interestingly, an Otx1 antibody that can recognize both Ptx and Otx HD proteins also recognizes complex 2, which is our best candidate for an L␤T2 HD protein required for LH␤ promoter specificity to mature gonadotropes. The Ptx and Otx families are Paired-like HD proteins, a subclass of Paired-class proteins; they share homology in the HD to Paired-type proteins, but lack a Paired domain (30) . The fact that Ptx and Otx proteins lack homology outside the HD (39) suggests that the Otx1 antibody recognizes the Paired-like HD. This is further supported by data demonstrating that the Otx1 antibody does not recognize HD proteins outside the Paired-class, including the TALE-HD proteins, Pbx1/2/3 and PREP-1, the POU domain factor, Oct-1, and the Antennapedia Class proteins, Msx1 and Dlx2 (Givens, M. L., and P. L. Mellon, personal communication, January 2002). Unlike the Antennapedia class, which includes only Q50 HD proteins, the Paired-like subclass includes both K50 and Q50 HD proteins. As we have not tested Q50 Paired-like proteins, we cannot rule out the possibility that the Otx1 antibody also recognizes these HD proteins. However, the DNA-binding data suggest that complex 2 contains a K50 HD protein related to Otx and not a Q50 HD protein.
First of all, the LH␤ promoter HD element resembles the preferred target sequence for K50 HD proteins, GATTA, and binds Ptx and Otx family members. Furthermore, the presence of this lysine is essential to the ability of Ptx and Otx to interact with this sequence. When Ptx1 and Otx1 are mutated to convert them from K50 to Q50, they are no longer capable of binding the LH␤ promoter HD element. Finally, experiments with consensus oligonucleotides indicate that complex 2 only binds a HD recognition sequence of GATTA. In addition to supporting the presence of a K50 HD protein in complex 2, experiments using these HD recognition sequences reveal differences in binding specificity between the Otx and Ptx families. Whereas Otx proteins bind the GATTA consensus sequence, the Ptx proteins do not bind any of the consensus sequences. Although seemingly unexpected at first, the inability of Ptx to bind the GATTA HD consensus element is not entirely surprising. Ptx1 interacts with the LH␤ promoter HD element with binding specificity distinct from both Otx1 and complex 2 (Figs. 4 and 8 and Table 1 ). Whereas Otx1 and complex 2 binding relies mainly on the core HD recognition sequence in the LH␤ probe, Ptx1 binding also requires several bases outside this core. These additional outside bases are not the same in the GATTA HD consensus oligonucleotide used in Fig. 10B , consistent with the inability of Ptx to interact with this site. Ptx and Otx families are grouped together in the K50 Paired-like subclass based on the presence of a lysine at position 50 of the HD. In fact, phylogenetic analysis of Paired-like HD proteins indicates that the Ptx and Otx families evolved from separate ancestral origins (30) . Their separate origins are probably the reason for observed differences in binding specificity between the families. This distinction between Ptx and Otx factors leads us to conclude that complex 2 includes a protein more closely related to Otx than Ptx.
Otx HD proteins are related to the orthodenticle (otd) gene of Drosophila and are involved in brain morphogenesis (40) . Whereas Otx2 is not expressed in any of the gonadotrope-derived cell lines and is therefore not a candidate for the complex 2 protein, both Otx1 and the Otx-related cone-rod homeobox (Crx) mRNAs are expressed in L␤T2 cells (Fig. 6 and data not shown) and were considered as possible candidates. Consistent with a role in the postnatal pituitary, Otx1 knockout mice exhibit transient dwarfism and hypogonadism and a corresponding reduction of LH, FSH, and GH levels; however, these defects are temporary and the mice appear indistinguishable from wild-type by 4 months of age (29) . Though Otx1 does not comigrate with complex 2, since the Otx1 antibody cross-reacts with related HD proteins, we cannot completely rule out the possibility that complex 2 contains Otx1 along with an additional protein. Paired-like HD proteins are capable of binding DNA as cooperative heterodimers, but this requires a palindromic repeat of the TAAT recognition sequence (33) . The LH␤ promoter HD element does not contain this palindromic target element necessary for recognition by such dimers, suggesting that the proteins interacting with this element are monomers and that Otx1 is not interacting with an additional protein to form complex 2. In addition, subtle, but important, differences exist in the binding specificities of Otx1 and complex 2. Although complex 2 could be an unidentified isoform of Otx1, to date no additional isoforms of Otx1 have been reported and only a single band is observed by Northern analysis (Ref. 41 and Fig. 6 ). Furthermore, we have not observed a protein in L␤T2 nuclear extract that comigrates with Otx1 by Western analysis (data not shown) or EMSA.
Crx is an Otx-related HD protein that is expressed in mature and developing photoreceptor cells and the pineal gland (42, 43) . As with Otx1 and Otx2, Crx is capable of binding the LH␤ promoter HD element, but does not comigrate with complex 2 (data not shown). As an antibody directed against Crx (kindly provided by Dr. Shiming Chen) does not supershift complex 2 (data not shown), it appears that Crx is not the complex 2 protein. Although the binding specificity of complex 2 and its recognition by the Otx1 antibody suggest that it is an Otx-related HD protein, the lack of comigration with Otx1, Otx2, or Crx, the absence of Otx2 from L␤T2 cells, and the failure of a Crx antibody to interact with complex 2, indicate that this may be a novel protein. The complete annotation of the mouse and human genomes should assist in the identification of new members of the Otx HD family.
In summary, the studies presented here emphasize the importance of using a homologous cell system to study tissue-specific gene regulation. We have identified the HD binding site as a key element involved in the activation of the LH␤ gene in mature L␤T2 gonadotrope cells as compared with precursor ␣T3-1 cells. Complex 2 is an attractive candidate for involvement in this L␤T2 cell-specific expression of the LH␤ gene: it is present in L␤T2 gonadotrope cells but not ␣T3-1 or ␣T1-1 precursor gonadotrope cells and binds the HD element of the LH␤ promoter that is essential for both basal activity and L␤T2 cell-specific expression. Although our data suggest that Ptx1, Ptx2, and Otx1 are not members of complex 2, this same evidence suggests that complex 2 contains a K50 HD protein re-lated to the Otx family. Future work will aim at identifying this protein and examining its role in LH␤ gene expression, gonadotrope development, and normal reproductive function. Successful identification of this protein may also lead to a greater understanding of cell-type specification and maturation in the anterior pituitary.
MATERIALS AND METHODS
Plasmid Construction and Preparation
The Ϫ1800 LH␤-Luc reporter gene was created by cloning 1800 bp of the rat LH␤ 5Ј flanking sequence into a modified pUC18 vector containing the Luc reporter gene and SV40 T antigen intron and polyA sequence. TheϪ692,Ϫ251, Ϫ122, and Ϫ87 truncations were made using AccI, NheI, TthIII, and BsteII restriction sites, respectively. The Ϫ420 truncation was created by amplifying a fragment of the rat LH␤ promoter from Ϫ420 bp to Ϫ178 bp by PCR, digesting with HindIII and NheI, and subcloning the 170-bp fragment into the Ϫ1800LH␤Luc plasmid digested with HindIII and NheI. The HindIII site is located at the 5Ј cloning end of the promoter in LH␤Luc; the NheI site is located at Ϫ252 bp of the promoter. The forward primer used in the PCR contained a HindIII restriction site for cloning back into the LH␤Luc plasmid: 5Ј-AGTGCCAAGCTTTCCTGATTAGGGGGCTGGGCGAGG-3Ј. The reverse primer corresponds to the sequence of the rat LH␤ promoter from Ϫ200 bp to Ϫ178 bp. The Ϫ451, Ϫ384, Ϫ179, and Ϫ146 reporter plasmids were provided by V. V. Vasilyev.
The mouse Ptx1 and human Otx1 cDNAs were kindly provided by Dr. Jacques Drouin and Dr. Antonio Simeone, respectively. The Ptx1 and Otx1 cDNAs were amplified using Pfu DNA polymerase (Stratagene, La Jolla, CA) and PCR primers designed to the translational start and stop sites of each cDNA. The cDNAs were ligated into the TopoII vector using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. The sequences of the entire cDNAs were confirmed by automated sequencing performed by the Center for AIDS Research Molecular Biology Core at University of California, San Diego. The cDNAs were then recloned into the pcDNA3 expression vector using the EcoRI restriction sites of both plasmids. The RSV-Ptx2a expression vector was a gift from Dr. Jacques Drouin; the mouse Otx2 expression vector (pSG-mOtx2) has been previously described (44) .
Plasmid DNA was prepared from overnight bacterial cultures using a cesium chloride protocol adapted from Sambrook et al. (45) .
Western Blotting
Preparation of nuclear extracts has been described above. Fifteen micrograms of each nuclear extract were electrophoresed in a 10% SDS-polyacrylamide gel and transferred to Immobilon-P membrane (Millipore Corp., Bedford, MA). Ponceau S staining before immunoblotting was used to ascertain the efficiency of transfer. Membrane was blocked in PBS-T (PBS with 0.2% Tween-20) with 5% nonfat dry milk for 1 h and then incubated with the primary antibody for 1 h. The Ptx1 antibody (48) was diluted 1:2000 and the Ptx2 antibody (49) was diluted 1:100 in blocking buffer (PBS-T/5% milk). The membrane was washed three times for 5 min each with blocking buffer and then incubated with a horseradish peroxidase-labeled anti-rabbit secondary antibody (diluted in blocking buffer 1:2000 for Ptx1 and 1:1000 for Ptx2). The membrane was then washed 3 times for 5 min each before detection using enhanced chemiluminescence (Amersham Pharmacia Biotech). All washes and incubations were done at room temperature.
Northern Analysis
Total RNA was prepared using TRI REAGENT (Sigma, St. Louis, MO) and polyAϩ RNA was extracted using PolyATract mRNA Isolation System IV (Promega Corp., Madison, WI) according to the manufacturers' protocols. Two micrograms of each polyA ϩ RNA sample were electrophoresed in a denaturing 1% formaldehyde-agarose gel and transferred to Hybond N ϩ nylon membrane (Amersham Pharmacia Biotech) by capillary blotting. The RNA was fixed by UV cross-linking and then the membrane was hybridized overnight with 32 P-labeled cDNA probe at 55 C in a 25% formamide solution. DNA probes were labeled by random priming (50) . Excess probe was removed by washing at 65 C (Otx2) or 50 C (Otx1) with 0.2ϫ SSPE and 0.1% SDS. The Otx1 probe consisted of a 396 nucleotide SacIPstI fragment from the mouse Otx1 cDNA (41) and the Otx2 probe consisted of a 900 nucleotide EcoRI fragment of pSG-mOTX2 (44) .
